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Abstract 
Global pressure distribution on the suction surface of a single vane in a transonic cascade wind tunnel is measured with the 
help of intensity-based pressure-sensitive paint (PSP) technique using a type of temperature-insensitive fluorescent paint and a 
self-made measurement system. This measurement is conducted at the outlet of the cascade wind tunnel at the Mach numbers 0.3 
and 0.4, attack angle about –20°, ambient pressure 95.4 kPa and temperature 15 °C. The vane under study owns a large camber 
angle of about 40° and 4×10 pressure ports on its suction surface with a steel cubic stand attached. It is fixed vertically on the 
lower guide steel plate at the outlet through the stand for convenient acquisition of images. Conventional electronic static pres-
sure (ESP) measurement is also fulfilled simultaneously with an ESP scanner for comparison. The method of intensity-based PSP 
technique is introduced, especially, with the self-made PSP system. The operating sequence of PSP measurement for improved 
accuracy is also proposed. The practical steps of image processing are described. As an image registration, target alignment is 
introduced after the 4×10 pressure ports have been selected as targets. The comparison of PSP results with ESP data shows that 
the maximum error remains within 6.5%. 
Keywords: turbomachinery; pressure measurement; pressure-sensitive paint; pressure distribution; cascade wind tunnel; suction 
surface of vane; image registration 
1. Introduction1 
Pressure measurement on blade surfaces by using 
the pressure-sensitive paint (PSP) has been advancing 
rapidly these years. It is because of its unique advan-
tages such as the absence of intruding measured sur-
faces, application of image processing to acquire 
global pressure distribution, and the acquisition of PSP 
results that traditional methods could never obtain[1-6]. 
Several scientific and technological institutes and re-
search groups have made remarkable contribution to 
PSP applications. The Central Aero-Hydrodynamic 
Institute (TsAGI) in Russia and NASA in U. S. have 
applied a series of PSP to various industry wind tun-
nels inclusive of subsonic, transonic, supersonic and 
shock wind tunnels as well as turbomachines. Espe-
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cially, the researchers like J. Lepicovsky, et al. in 
TsAGI[7-8], T. Liu, et al. at NASA’s Langley Research 
Centre[9-12], and T. J. Bencic at NASA’s Lewis Re-
search Centre[13] have carried out several noticeable 
work relevant to stationary and rotating fan blades. 
Although the advances in PSP are of great signifi-
cance and use, the effects on measuring accuracy out 
of changing illumination on measured surfaces, incon-
sistent thickness of paint coatings, and their sensitivity 
to temperature, detectors’ noise, relative motions of the 
model of interest, and noise from image processing 
must be carefully investigated before establishing a 
PSP measurement system. For the intensity-based PSP 
technique, intensity ratio of a pressure (wind-on) im-
age to the reference (wind-off) image is of great im-
portance to understand the pressure distribution on 
measured surfaces. The application of intensity ratio 
method is able to suppress or even eliminate the 
above-mentioned effects on PSP measurement accu-
racy, although much more rigorous presuppositions 
and limits have to be imposed[14-18]. However, it is con-
venient for rigid model of interest to satisfy such strict 
limits when relative motions of the model are so small 1000-9361© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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that they could be corrected by image registration. 
So far, the PSP measurements have found fewer 
uses in internal flow field than in external flow field, 
and there is no information about pressure measure-
ment on suction surfaces of vanes in a transonic cas-
cade wind tunnel. As a trial, the pressure measurement 
on a single stator vane by way of PSP technique was 
conducted with a kind of fluorescent temperature-  
insensitive PSP and a self-made PSP measurement 
system at the outlet of a transonic cascade wind tunnel. 
Another traditional pressure measurement with a set of 
electronic static pressure (ESP) scanners was also 
taken with 10 columns of ports on the vane suction 
surface for the purpose of comparison. Post calibration 
was introduced to avoid disagreement between refer-
ence pressure during experiment and in calibration. 
Image registration was used to match the pixel posi-
tions of a vane in pressure and reference images. 
Comparisons of PSP pressure distributions with static 
pressures of the ports are helpful to attain an accept-
able agreement. 
2. Comprehensive Overview of Intensity-based  
PSP Technique 
For the intensity-based technique, the Stern-Volmer 
relation serves to be the base, which can be defined by 
the following second-order derivative equation: 
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where the Stern-Volmer constants A(T), B(T) and C(T) 
are determined in the postcalibration as a function of 
ambient temperature T; the variables p and I stand for 
pressure value and gray level of luminance intensity 
produced by PSP, and the subscript “ref” means for 
reference only. 
The preconditions for application of PSP technique 
are very strict that they are often regarded as a repre-
sentative of the ideally perfect conditions, which could 
never be met in practice, for example, uniform lumi-
nance on measured surfaces of model, consistent 
thickness of paint coatings, even distribution of tem-
perature on measured surfaces, absence of relative 
motion in position during operation, and ideal emis-
sion without spectral variability and filter leakage and 
the rest. 
However, the above restrictions can be removed 
practically by applying a ratio of a pixel of an image to 
that of another measured one via choosing an ideal 
PSP with lower temperature sensitivity and good 
pressure sensitivity, using various means to maintain 
the pixel position of reference and pressure images 
unchanged in a uniform image coordinate system or, at 
least, pixel positions of model pictures equal to each 
other and so on.  
The Stern-Volmer relation derivative, Eq.(1), can be 
considered valid under perfect conditions and there 
being only one pixel. For home-made temperature- 
insensitive paint, the temperature distribution on the 
measured surfaces can be ignored when below 40 °C. 
The arithmetical averages of images’ intensity under 
diverse pressures in calibration are generally accepted 
as a significant fundamental relation of intensity-ratio 
in pressure data conversion without any relative mo-
tions, which can be denoted by 
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where Aave(T), Bave(T), and Cave(T) stand for the aver-
ages of Stern-Volmer constants respectively, deter-
mined in calibration, and the subscript “ave” means the 
average value.  
In the basic theory of Image Processing, an image 
can be viewed as an array of pixels called an image 
matrix, which indicates the diversified gray levels of 
luminance intensity in an image and, thus, Eq.(1) can 
be rewritten into  
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where the symbol p denotes an image matrix of pres-
sure and I another one of intensities; “ref” the wind- 
off or reference condition in experimental measure-
ments. 
The data conversion from intensity-ratio to pressure 
distribution can be carried out through Eq.(3) with the 
known Stern-Volmer constants Aave(T), Bave(T) and 
Cave(T), determined in calibration under the supposi-
tion of none of motion that has occurred.  
The relative motion of model of interest may be 
caused by irregular and inherent vibration of test fa-
cilities in operation and exerts alternating steady 
and/or unsteady aerodynamic loads on the model of 
interest, which would aggravate the variation of illu-
minance on the measured surface of model and hence 
incite alternating effects on luminance intensity of 
measured surfaces in the case where there are none of 
uniform light emission and consistent thickness of PSP 
coatings. To remedy this, image registration is intro-
duced to abate the inaccuracy by mapping the de-
formed pressure image coordinates (x, y) onto the ref-
erence images coordinates (xref, yref). The generalized 
equation for image registration of image matrices with 
an n×n array could be expressed by 
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where both basic functions fi(x) and fj(y) are the or-
thogonal functions or the nonorthogonal power func-
tions fi(x) = xc or fj(y) = yc with c being a constant 
value. Given the image coordinates of the black targets 
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on the measured surface, the unknown coefficients aij 
and bij, can be determined by least-squares fit to match 
the targets in reference images to those in pressure 
ones[19]. 
3. Temperature Insensitive Paint and PSP System 
PSP together with their instruments constitute the 
basic tools of PSP measurement. The PSP can be clas-
sified into the fluorescent and the phosphorescent with 
their ad hoc exciting emission devices. A PSP meas-
urement and calibration system have been developed 
in conjunction with a fluorescent paint devised by the 
Institute of Chemistry, Chinese Academy of Science. 
3.1. Fluorescent paint 
As a sort of PSP that has been used in pressure 
measurements, the fluorescent PSP, which possesses 
dye molecules of pyrene derivatives with emission of 
(480 ± 40) nm as they are excited within ultraviolet 
light A (UVA) (320-390 nm) range including optimal 
excitation spectrum of 320-340 nm, is insensitive to 
thermal changes when ambient temperature is below 
40 °C (see Fig.1)[20]. The PSP coating consists of a 
white epoxy primer and a sky-blue silica-gel coat with 
dye molecules inside, the thicknesses of both layers 
varying from 20 Pm to 40 Pm. 
 
Fig.1  Intensity-ratio variation of home-made PSP vs tem-
perature under 0.1 MPa. 
3.2. PSP measurement system 
A PSP system suitable for use in transonic flow was 
developed mainly from another flow visualization sys-
tem, particle image velocimetry (PIV). This system is 
composed of an ultraviolet light (UV) excitation light 
device, intensity image acquisition instruments, cali-
bration control sets, personal computer with an image 
processing software package and other auxiliary sub-
sets[21]. 
(1) UV emission device 
A Porta-Ray 400 portable or low production UV 
curing system made by Uvitron International Company 
in U.S. is used as an UV excitation light device with a 
400 W, 1 000 h lifetime metal halide lamp. It can emit 
visible light in a broad spectrum with maximal output 
of 500 mW/cm2 within UVA range, whose practical 
output instability is less than 5%, especially less than 
1% after running 30 min. A self-made UV transparent 
filter casing is utilized with a shrouding metal plate, a 
sheet made of scattered quartz glass and two pieces of 
UVA transparent glasses to leach visible light. It is 
connected to the removable lamp head of Porta-Ray 
400 portable UV curing system with a pair of latches 
(2) Image acquisition sets 
The fluorescent emission data of the paint are re-
ceived by two scientific charge-coupled device (CCD) 
cameras as initial chief auxiliaries of TSI Stereo PIV 
system, which takes the images of 10 bit gray level and 
1 600 pixel × 1 200 pixel resolution with tagged image 
file format (TIFF) output format via three control 
modes of free run, triggered exposure, and triggered 
double exposure at 30 frames per second. The cameras 
can be triggered by the external signal via TSI syn-
chronizer, which can transmit the internal signal gen-
erated by a PIV operating software package, INSIGHT 
6, through two separated PCI cards embedded in the 
computer. A TSI 3D coordinate configuration system is 
used to adjust the instruments to optimal locations. 
(3) Calibration control sets 
A calibration chamber is made out of a hollow steel 
barrel, 100 mm diameter × 100 mm high × 8 mm thick, 
attached with a shrouding ring 20 mm wide atop the 
plate. It is equipped with two pairs of air-tight joints as 
pressurizing/evacuating inlet and a transparent poly-
methyl methacrylate (PMMA) plate as a transmission 
window with a thickness of 20 mm connected to the 
chamber by a flange with three sets of screws. 
The pressure can be regulated from 0 kPa to 200 
kPa through pressurization with the help of a pressure 
pump or evacuation using a vacuum pump. Two sets of 
air-tight joints serve to connect a vacuum and a pres-
sure indicator to the vacuum and the pressure chamber 
respectively. The internal environment of calibration 
chamber is adjusted using the vacuum or the pressure 
indicator manually.  
(4) PSP software package 
The professional PSP image processing software 
package, Afix2, from French ONERA has the capabil-
ity to implement image registration, calibration, image 
resection and reduction as well as basic image algo-
rithms in spatial region including median filter, local 
average smoothing, and arithmetical calculation. 
4. Test Facilities and Experiments 
4.1. Transonic cascade test facilities 
The pressure measurement was carried out in the 
Defense Science and Technology Key Lab’s transonic 
cascade wind tunnel (see Fig.2) in Northwestern Poly-
technical University (NWPU) at the square test section 
in the size of 100 mm×300 mm×300 mm. The facilities 
can produce Mach numbers ranging from 0.3 to 0.9 
with the incidence of vane cascades varying from –15° 
to 35° and the stagnation pressure 0.5 bar (1 bar = 
1×105 Pa) more than the local ambient pressure. The 
outlet of the tunnel includes solid steel sidewalls at left 
and right sides and two removable, adjustable, and 
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extendable steel guide plates 20 mm thick at upper and 
lower sides. 
 
Fig.2  Transonic cascade wind tunnel in NWPU. 
4.2. Precalibration and measurement 
The test location was disposed at the outlet of cas-
cade wind tunnel where the two steel flat plates were 
adjusted to be parallelly spaced by 0.5 m. The test 
model, attached on a steel stand in the size of 80 mm × 
40 mm × 25 mm, was a stator vane with a height of 
200 mm and a camber angle of 40°, having a 4×10 
array of pressure ports on suction surface and 10 tiny 
pipe connectors linked to ESP scanner. The vane under 
measurement was fixed on the lower steel plate via its 
stand by two Ø8 mm and Ø5 mm screw bolts at a 
specified angle (see Fig.3). 
 
Fig.3  Vane of interest mounted on steel guide plate. 
It should be noticed that the Mach numbers at the 
outlet of the tunnel are different from those in the test 
section. A 90° angular pitot tube was fixed at the outlet 
and linked to Mach meter, which would indicate that 
Ma = 0.7 and Ma = 0.8 in the inner section is equal to 
0.3 and 0.4 at the outlet, respectively.  
 The PSP measurement was conducted under the 
condition of Ma = 0.3 and Ma = 0.4 at the outlet and 
the –20° incidence with two CCD cameras at both 
sides of the UV light emission device on the 3D con-
figuration system supplied by TSI. The items of meas-
urement inclusive of acquisition of images with two 
CCD cameras were ķambient pressure and tempera-
ture; ĸdark images; Ĺprerun reference images; 
ĺpressure images; Ļpostoperation reference images. 
As the distance between the model and cameras 
should be adjusted as smaller as possible in order to 
ensure the maximum spatial resolution of PSP images, 
a small area on the leading edge of the vane at the 
lower side might be blurred.  
At the same time, a conventional pressure measure-
ment was also performed by using a 10 port ESP 
scanner for the purpose of comparison. 
To conduct the post calibration, a paper sheet 35 
mm × 35 mm coated with PSP was laid inside the cali-
bration chamber after PSP measurement, just as what-
ever had been done in the precalibration. The envi-
ronmental condition inside the chamber was set manu-
ally by a vacuum or a pressure indicator within the 
range of 20-160 kPa with the local ambient pressure 
the same as the reference (95.4 kPa) in PSP measure-
ment at ambient temperature of 15 °C. 
An empirical curve (see Fig.4) is plotted through a 
series of processing on calibrated intensity images 
according to Eq.(1). 
The calibration plot published abroad appears to be 
a second order curve, although the reason has not been 
clarified as yet. 
 
Fig.4  Calibration of home-made fluorescent PSP. 
5. Methods of Image Processing 
Postprocessing of PSP images plays a key role in 
knowing the pressure field on the measured surface. 
The treating process is shown in Fig.5. 
Fig.6 displays an unregistered intensity ratio image 
of a reference image to a pressure image at Ma = 0.3, 
which shows a shadow near each pressure port, as well 
as two strip-like shadows along leading and trailing 
edges on the suction surface. 
The occurrence of shadows might be ascribed to that 
the position coordinates of every pressure port, leading 
and trailing edges in reference and pressure images do 
not match each other. Therefore, it is necessary to align 
the model coordinates of the perspective image to im-
prove the image quality and accuracy of PSP data. The 
preparation for alignment usually starts from the be-
ginning of the experiment for it is convenient time to 
choose pressure ports as the targets. It is very impor-
tant to number targets in a uniform order before ac-
quiring the polynomial of coordinate transformation 
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and applying it to a reference image. Fig.7 shows an 
aligned intensity ratio image without any shadows. 
 
Fig.5  Schematic procedure of PSP data processing. 
 
Fig.6  False-colored intensity ratio image without image 
registration at Ma = 0.3. 
 
Fig.7  Registered intensity radio image at Ma = 0.3 in same 
false-color of Fig.6. 
A few kinds of noise, such as Gaussian noise and 
shoot noise, were found to take place in the ratio cal-
culation of reference and pressure images, which, 
however, could be alleviated by popular methods of 
image processing. 
The conversion from intensity ratio to pressure field 
was fulfilled by applying the Eq.(3) on the basis of 
calibration. 
6. Results and Comparison 
Fig.8 demonstrates the pressure distribution at Ma = 
0.3 and Ma = 0.4 in a false-color rainbow after steps of 
treatment.  
From Fig.8, it can be concluded that the increase in 
Mach number would raise the resolution of pressure 
distribution. This might be attributed to the fact that 
heavy pressure gradients would generate on the suc-
tion surface of the blade while the air flows over it at 
high speed and that the PSP would not display the dis-
tribution of the pressure on the suction surface while 
the velocity the air flows over it at is lower than a cer-
tain value because of the inherent property of PSP dye 
moleculea. 
 
(a) Ma = 0.3 
 
(b) Ma = 0.4 
Fig.8  False-colored pressure distribution on measured suc-
tion surface at incident of –20°. 
The comparison between discrete data from the PSP 
pressure distribution and the data from the conven-
tional ESP scanner was also carried out. The reason 
No.2 Zhou Qiang et al. / Chinese Journal of Aeronautics 22(2009) 138-144 · 143 · 
 
why the pressure distribution measured with PSP tech-
nique is presented in a form of discrete data lies in its 
inability to make the image coordinate match real 3D 
coordinate because of lack of 3D coordination values 
on the blade. The relative errors are within 6.5% with 
the maximum about 6.3% (see Fig.9). 
 
(a) Ma = 0.3 
 
(b) Ma = 0.4 
Fig.9  Comparison between PSP measurement and ESP 
scanner. 
The errors still exist in comparison since the blade is 
bended, and it is difficult to locate position of each 
port near the leading edge where pressure distribution 
is compressed in the images at a large shooting angle 
for CCD camera.  
The errors would be greatly reduced if having the 
images coordinates match the real 3D coordinates and 
the temperature for the paint being corrected. This way, 
the data of PSP measurement could be acceptable even 
though still a lot of work remains to be done in the 
future. 
7. Conclusions 
Pressure-sensitive paint measurements on the suc-
tion surface of a static vane at the outlet of transonic 
cascade wind tunnel were carried out at Ma = 0.3 and 
Ma = 0.4, ambient temperature 15 °C and ambient 
pressure 95.4 kPa with a self-made fluorescent PSP 
and a self-developed PSP system inclusive of calibra-
tions. An experiment on ESP scanner was also done in 
parallel for comparison. The postprocessing of PSP 
images including image registration and intensity pres-
sure conversion was conducted with a professional 
PSP image processing software package supplied by 
French ONERA to obtain pressure distribution on the 
suction surface of the vane under measurement. The 
procedure of the method for PSP experimental meas-
urement was discussed in terms of the performances of 
the self-developed PSP system. The comparison of 
pressure data from ESP with those from PSP reveals 
that the PSP data accord with ESP’s with the maxi-
mum relative error within 6.5%. Therefore, the meas-
urements could be acceptable from the view of its ac-
curacy even though a big volume of work is expected 
to be done on matching coordinates of images to real 
3D and correcting temperature of fluorescent PSP etc.  
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